Abstract. MicroRNAs (miRs) contribute to cancer development and progression by acting as oncogenes and tumor suppressor genes. miR-9 family members (miR-9s), including miR-9-1, 9-2 and 9-3, have been shown to be oncogenically involved through the downregulation of E-cadherin expression, which promotes the epithelial-mesenchymal transition. Tumor suppressive roles of miR-9s have also been reported to silence miR-9 through methylation, which is associated with an shortened overall survival (OS) period in several types of cancer. In this study, the impact of miR-9s methylation on non-small cell lung cancers (NSCLC) was investigated. In total, 293 resected NSCLC samples were examined and the miR-9s methylation status was determined using a combined bisulfite restriction analysis. miR-9 expression was analyzed by in situ hybridization. Methylation of miR-9-1, 9-2 and 9-3 was present in 20 (7%), 33 (11%) and 34 (12%) of the cases, respectively. Methylation of any miR-9s (miR-9s methylation) was observed in 76 of the cases (26%), and miR-9 expression was silenced in cases with miR-9s methylation. Logistic regression analysis demonstrated that male gender [odds ratio (OR), 2.0; 95% confidence interval (95% CI), 1.1-3.6; P=0.01] and pathologically negative lymph node metastasis (OR, 4.8; 95% CI, 1.4-17.2; P=0.002) were independent relative factors for miR-9s methylation. Additionally, miR-9s methylation [hazard ratio (HR), 4.2; 95% CI, 1.2-27.0; P=0.026] and early pathological stage (HR, 8.3; 95% CI, 2.1-28.6; P=0.004) were found to be independent predictive factors for prolonged OS time by the Cox proportional hazard test. miR-9s methylation which induces expression silencing is common in NSCLC cases without lymph nodal metastasis, suggesting that miR-9s are oncogenically involved in NSCLC carcinogenesis through the promotion of tumor metastasis.
Introduction
Lung cancer is a leading cause of cancer-related mortality worldwide (1) . Although previous studies have demonstrated the molecular pathogenesis of lung cancer, little progress has been made in terms of its prevention, diagnosis and treatment (2) . Thus, further investigation of its molecular pathogenesis is required to reduce the mortality rate caused by lung cancer.
MicroRNAs (miRs) are a group of non-coding small RNAs mostly regulating their target mRNAs by post-transcriptional repression (3) . They bind to the target mRNA transcript at the 3'-UTR, generating destabilization that inhibits protein translation (4) . Intensive studies have been carried out investigating the involvement of miRs in human malignant tumors due to their ability to regulate several genes involved in multiple cancer pathways (5) . miRs are highly involved in various cell processes, including proliferation, differentiation, apoptosis and development, by simultaneously controlling the expression levels of hundreds of genes (6, 7) . In cancer cells, both oncogenic and tumor suppressive miRs have been reported to contribute to cancer development and progression (7, 8) . Notably, certain miRs, such as miR-200s, have a biphasic role as oncogenes or tumor suppressor genes (TSGs) (9) . miR-9, including the family members miR-9-1, 9-2 and 9-3, is encoded by three chromosomal loci: miR-9-1 on chromosome (Chr) 1q22, miR-9-2 on Chr 5q14.3 and miR-9-3 on Chr 15q26.1. miR-9 has been reported to have both oncogenic and tumor suppressive roles. In its oncogenic function, miR-9 induces epithelial-mesenchymal transition via the direct suppression of E-cadherin mRNA (8) , which downregulates β-catenin to promote vascular endothelial growth factor expression, leading to angiogenesis and tumor metastasis. Moreover, miR-9 is able to repress the expression of TSGs such as FOX1 (10) and CDX2 (11) . By contrast, in its tumor suppressive role, the loss of miR-9 expression through methylation is associated with metastasis or poor prognosis in several types of cancer (12) (13) (14) .
In this study, we determined the miR-9s methylation status in surgically resected non-small cell lung cancers (NSCLC) cases to investigate its role and impact on NSCLC.
Materials and methods
Tissue samples. Between January, 2005 and August, 2009, 556 NSCLC cases underwent complete pulmonary resection at the Department of Cancer and Thoracic Surgery, in the Okayama University Hospital, Japan. Of these, 293 specimens were made available for this study, while 20 corresponding non-malignant lung tissues from these patients were also used for this study. Institutional review board permission and informed consent were obtained for the cases.
Detection of miR-9s methylation by combined bisulfite restriction analysis (COBRA).
COBRA is a semiquantitative method used to measure methylation at specific methylation-sensitive restriction sites (15) . Briefly, genomic DNA was isolated from tissue samples by proteinase K digestion followed by phenol-chloroform (1:1) extraction and ethanol precipitation (16) . Genomic DNA (200 ng) was subjected to bisulfite treatment using the EZ DNA Methylation Gold™ kit (Zymo Research, Irvine, CA, USA). Primers designed for the predicted bisulfite-modified sequences were based on the nucleotide sequence submitted to GenBank (accession numbers: NR_029691 for miR-9-1, NR_030741 for miR-9-2, and NR_029692 for miR-9-3) and were as follows: miR-9-1, forward: GGGGTTTGGTTGTTTATTT and reverse: TCCACTACCCTTCTCTAAAAA: miR-9-2, forward: GGA ATAAATTTTGAAGGTAATAGATTT and reverse: CAC AAACCTCTATCTTCCTCTTACC; miR-9-3, forward: GTTTGTTTATTTTTTTTGGTTTTT and reverse: AACCT CCCTTAACCAATACC. PCR was carried out in 25 µl reaction mixtures under the following conditions: an initial denaturation step at 95˚C for 12 min, followed by 45 cycles of 94˚C for 30 sec, annealing at 54˚C (miR-9-1), 58˚C (miR-9-2) or 55˚C (miR-9-3) for 60 sec and extension at 72˚C for 60 sec., with a final extension step at 72˚C for 7 min with the GeneAmp PCR System 9700 (Applied Biosystems, Carlsbad, CA, USA). PCR products (5 µl) were digested for 9 h with BstUI (New England Biolabs, Beverly, MA, USA) that recognizes sequences unique to methylated and bisulfite-converted alleles ( CG|CG site). The restricted products were electrophoresed on 2.2% agarose gels [3:1 mixture of agarose (Sigma-Aldrich Corp., St. Louis, MO, USA) and NUSieve ® GTG ® agarose (Cambrex Bio Science Rockland, Inc., Rockland, ME, USA)] and stained with ethidium bromide.
In situ hybridization (ISH) of miR-9. Sections (10 µm) for ISH analysis and 5 µm sections stained with hematoxylin and eosin (H&E) were generated from paraffin-embedded tissue blocks. The pathological classification was determined from an H&E-stained 5 µm slide section based on the 7th World Health Organization criteria of lung cancer (17) . Sections (10 µm) were deparaffinized in xylene, then dehydrated in an ethanol series (100, 90, 70 and 50%). After blocking endogenous peroxidase with 3% hydrogen peroxide, sections were digested with 1 µg/ml proteinase K (Roche Diagnostics, Indianapolis, IN, USA) at 37˚C for 15 min. The LNA-modified probe, complementary to miR-9 (100 nM; Exiqon, Woburn, MA, USA), diluted with NTE buffer (ISHR 7; Nippon Gene Co., Ltd., Tokyo, Japan) was hybridized with the sections for 16 h at 37˚C. Post-hybridization washes were performed three times for 20 min in 2X standard saline citrate (SSC)/25% formamide and three times for 10 min in 0.1X SSC at 37˚C. The probe signal was amplified using Tyramide Signal Amplification Plus DNP kits (PerkinElmer, Inc., Waltham, MA, USA) and color reactions were developed in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium solution. Nuclear counterstaining was performed with 0.2% methylgreen.
Statistical analysis. Differences in statistical significance among the categorized groups were compared using the Chi-square test. The logistic regression analysis using the variables with the univariate analysis was used to further explore statistically significant differences observed and to identify baseline factors that may independently correlate with miR-9s methylation. A univariate analysis of overall survival (OS) was performed using the Kaplan-Meier method with log-rank Table I . Clinicopathological parameters and miR-9s methylation (n=293). testing, while a multivariate analysis was performed using the Cox proportional hazard model. The data were analyzed using the JMP software version 9.0.0 (SAS Institute, Inc., Cary, NC, USA). P<0.05 was considered to indicate a statistically significant difference for each analysis. Table I . The median age of the patients was 66 years (range, 29-87). Younger patients were defined as ≤66 (n=147) years old, while elderly patients were >66 years old (n=146). The cases were divided into two groups of never (n=114) and ever (n=179) smokers. Never smokers were defined as individuals with a lifetime exposure to ≤100 cigarettes, while ever smokers had a lifetime exposure to >100 cigarettes. The early pathological stage of NSCLC was defined as stage I NSCLC (n=205), while the advanced as stages II and III NSCLC (n=88).
Results

Patient characteristics. Patient characteristics are provided in
miR-9s methylation by COBRA and miR-9 expression.
A representative example of COBRA is shown in Fig. 1A . A malignant pleural mesothelioma cell line, NCI-H290, was used as the positive control for the methylation of miR-9-1, 9-2 and 9-3. The methylation of miR-9-1, 9-2 and 9-3 was present in 20 (7%), 33 (11%) and 34 (12%) of 293 NSCLC cases, respectively. The methylation of any miR-9s (miR-9s methylation) was observed in 76 of 293 NSCLC cases (26%) (Fig. 1B) . Of these 76 cases, two harbored methylation of the three (1%), seven harbored methylation of two (2%) and 67 (23%) harbored methylation of one miR-9s. miR-9 expression was determined by ISH assay in eight NSCLC cases. Representative examples are shown in Fig. 3 . The five miR-9-methylated cases, including the two harboring methylation in miR-9-1 and 9-2, but not in miR-9-3, and the three harboring methylation in either miR-9-1, 9-2 or 9-3, showed a negative miR-9 expression, whereas the other three miR-9s unmethylated cases showed a positive miR-9 expression. None of the 20 corresponding non-malignant lung tissues harbored any miR-9s methylation.
miR-9s methylation and clinicopathological factors.
The associations between miR-9s methylation and clinicopathological factors are shown in Table I miR-9s methylation and clinical outcome. Over a median follow-up period of 32 months, the OS rates of the cases (n=293), miR-9-methylated (n=76) and unmethylated cases (n=217) were 91.8, 97.3 and 90%, respectively. miR-9-methylated cases had a significantly more prolonged OS period compared to miR-9-unmethylated cases (P=0.049) (Fig. 2) . Female gender, never smoker, adenocarcinoma histology, early pathological stage and pathologically lymph node-negativity were additional significant predictive factors for a prolonged OS period in the univariate analysis (Table II clinical outcomes, respectively. In the present study, miR-9 families were demonstrated to frequently methylate, especially in lymph node-negative cases, and to silence miR-9 expression in cases with miR-9s methylation. These findings suggest that miR-9 is oncogenically involved in NSCLC. Methylation in CpG islands of promoter regions is an important epigenetic mechanism of gene silencing that is often observed in cancer, leading to the inhibition of gene transcription (21) . Similar to protein coding genes, miRs are downregulated through epigenetic mechanisms (11, 22, 23) . Although methylation typically affects TSGs, it also occurs in oncogenes, such as COX219, telomerase reverse transcriptase and epidermal growth factor receptor, silencing their expression (24) (25) (26) (27) . miR-9 is reportedly involved in an oncogenic as well as a tumor-suppressing manner in human malignancies.
In the former case, miR-9 expression levels were elevated in primary tumors in breast cancer patients with metastasis compared to metastasis-free patients (28) , while other reports showed the oncogenic involvement of miR-9 based on basic experiments (8) and clinical findings (29) . In their study, Tsai et al demonstrated that the tumor-suppressive miR-9 was silenced by promoter methylation in gastric cancer (30) , while Heller et al found that patients with miR-9-3 methylation showed shorter OS duration among 101 NSCLC patients (31) . In this study, the methylation status of the miR-9 family members was determined using COBRA in a larger patient set compared to previous reports, and NSCLC patients with methylation of any miR-9 family member were found to be an independent factor associated with a prolonged OS period. Moreover, miR-9-3 methylation showed no prognostic impact (data not shown).
In conclusion, miR-9s methylation, which silences miR-9 expression, is associated with early-stage and pathologically lymph node-negative cases of NSCLC, suggesting miR-9 to be oncogenically involved in NSCLC in promoting metastasis and tumor aggressiveness. shown. Case 5, in which none of the miR-9s was methylated, shows a positive expression of miR-9. By contrast, Case 6, harboring miR-9-1 and 9-2 methylations shows a negative expression of miR-9.
